The development of adaptive immunity and responses to foreign molecules and organisms relies on the highly regulated production of hundreds of proteins. B-cell maturation, from committed progenitors to terminally differentiated plasma cells, is a multistep process that requires the ordered expression of a large number of genes. We studied anti-IgM-stimulated Ramos cells to explore genome-wide expression patterns in differentiating human B-cells. cDNA microarrays were used to measure changes in transcript levels over several days. A large set of genes (B1500) showed significantly altered expression at one or more time points. The expression profiles were used to construct gene clusters that were then characterized further with respect to the functions of the encoded proteins. Several groups of genes relevant to B-cells were analyzed in detail including early response genes and genes related to transcription, apoptosis and cell cycle regulation. Extensive bioinformatics analyses were conducted to identify the genes/proteins and to study functions and pathways involving B-cells. The results pave the way for understanding the development of humoral immunity, and provide new candidate genes and targets for research and drug development.
Introduction
The selective response of adaptive immunity is based on specific recognition of foreign materials, molecules and/ or organisms. A complex interplay of gene expression and protein activation is required to mount an adaptive immune response. B-cell maturation from committed progenitors to terminally differentiated plasma cells is a multistep process, entailing the ordered expression of a large number of genes. 1 Maturing B-cells proceed through several stages including pro-B, pre-B and immature B-cells, during which VDJ rearrangements take place within antibody-coding genes. The expression of surface markers at each stage has been extensively studied, and these markers are used to distinguish the stages as well as for fluorescence-activated cell sorting (FACS).
B-cell differentiation is triggered by crosslinking of the B-cell receptor (BCR), a multimeric protein complex that consists of membrane-bound immunoglobulins (Ig) and cytoplasmic Iga and Igb chains. 2 Iga and Igb heterodimers are noncovalently associated with mIg, and are responsible for initiating cellular signaling cascades that ultimately activate nuclear transcription factors. Transcriptional activation then represses or activates gene expression leading to B-cell proliferation, upregulation of surface activation markers and increased antibody synthesis. 3 While surface markers indicate the stage of B-cell differentiation, they provide only a limited view of the processes occurring within the maturating cells.
B-cell differentiation/maturation is regulated by balancing cell survival and apoptosis. BCR crosslinking leads to B-cell clonal proliferation or deletion by apoptosis, depending on the developmental stage and coreceptor signaling (reviewed in Law et al 4 ) . Apoptosis is essential for the elimination of self-reactive B-cells and for the regulation of clonal B-cell populations during an immune response. 5 It is well established that the engagement of IgM leads to B-cell proliferation in vitro. 6, 7 Alterations in the expression of thousands of genes can be analyzed simultaneously with microarray technology. Recently, mRNA expression analyses have been reported for individual cell lines, patient samples for B-cell lymphomas, 8, 9 and B-and T-lymphocyte activation by cytokines and mitogens. 10 These studies concentrated mainly on genome-wide expression profiles. However, our previous work focused specifically on Ramos B-cells and the gene expression that is induced by BCR stimulation. 11, 12 To attain an overall view of cellular processes related to B-cell maturation and differentiation, the effects of anti-IgM stimulation on gene expression in Ramos cells were investigated using microarrays. To observe longterm trends, we followed the profile of gene expression induced by BCR crosslinking over several days. Extensive bioinformatics analyses enabled us to correlate the observed alterations in gene expression with the existing knowledge of B-cell genes whose expression patterns are known to vary. The results provide an overall view of gene expression with respect to B-cell maturation and suggest several new candidate genes involved in B-cell differentiation. These candidate genes may provide new avenues for controlling B-cell maturation in health and disease.
Results and discussion
We studied the effect that stimulating Ramos cells with anti-IgM has on gene expression to gain insight into the cellular processes of B-cell differentiation and maturation. Ramos B-cells offer advantages over primary Bcells, including the ability to work with a homogenous pool of cells and to follow stimulation-related gene expression exclusively, an approach that would be very difficult using enriched primary cells. Ramos cells have been extensively studied and therefore it is also possible to relate expression data to previous experiments. Following stimulation with anti-IgM, gene expression was evaluated at 12 time points over 124 h. A total of 1496 genes exhibited significantly altered gene expression in at least one time point, and were investigated further. Gene expression profiles with normalized expression ratios are indicated in Figure 1 . The data are shown in matrix format, with each row representing all the hybridization results for a single gene within the array, and each column representing the measured expression level for all genes at a single time point. Expression levels are represented by color and intensity, with red and green representing overexpression and underexpression, respectively, of each gene relative to control levels of expression measured in unstimulated cells. The color intensity represents the magnitude of deviation.
The technique of self-organizing maps (SOMs) was used to organize the expression data and group genes that behave similarly. To optimize the clustering, intensive manual analysis of the number of clusters was performed. A set of 40 clusters was used for the final analysis. Criteria used in the survey were: inspection of the expression patterns, variation from the other genes within clusters, and number of genes which had to be excluded from clusters.
Validation of the method and results
Studies of B-cell stimulation and its effects on gene expression have focused primarily on the analysis of cell surface markers (for a review see Fitzsimmons and Hagman 13 ). Our microarray approach, however, facilitated simultaneous analysis of intracellular gene expression for thousands of genes. We used expression information from the literature and from our previous microarray study 11 to validate our approach and observations. Thus, the ability of our microarray to reproduce the results of previous single-gene experiments would validate our data for other genes whose expression had not been previously documented. Upon stimulation of the BCR, several proteins are activated and the expression of immediate early genes is initiated (for a review see Kelly and Siebenlist 14 ) . The expression of previously identified immediate-early genes was compared to our microarray data from Figures 1 and 2 . As expected, our analysis showed increased expression of these genes from 1 to 4 h after stimulation, after which expression decreased.
We previously studied Ramos B-cell gene expression at 30 min after anti-IgM stimulation using Atlas Human cDNA Expression Array I filters.
11
There were 30 common genes between the Atlas filters and the GF211 filters used in this study. The expression ratios at the 1-h time point were compared with those of the 30-min time point in our previous study to calculate Spearman rank order correlation coefficients and corresponding P values, which are measures of statistical significance of the expression patterns. Of the 30 common genes, 24 gave highly significant correlation coefficients (r ¼ 0.656, P ¼ 0.0005), and 28 genes showed significant correlation (r ¼ 0.382, P ¼ 0.045). Only two genes were expressed differently between the two experiments. This may be because of the different stimulation times used in the two studies (1 h vs 30 min in our previous study). Furthermore, the expression of immediate-early genes may change rapidly, as demonstrated previously 14 and shown by the expression patterns of early genes ( Figure 2 ).
As another validation method, we compared expression patterns to previously published expression data. A literature search indicated that the genes exhibiting significantly altered expression in our microarray included 12 that were previously classified as immediateearly genes. Eight of these genes were among those in our clusters of immediate-early genes, namely early growth response 2 (GenBank code AA446027), transcription factor ETR101 (AA496359), tryptophanyl-tRNA synthetase (AA664040), the small inducible cytokines A3 (AA677522), A4 (H62864) and B9 (AA131406) (Mig), zinc-finger ERF-1 (AA424743) and plasminogen activator inhibitor type 2 (PAI-2) (T49159). Of the exceptions, immediate-early response protein NOT (AA598611) was induced at 4 and 70 h after stimulation ( Figure 2 ) and was therefore not classified as an early gene. Early activation antigen CD69 (AA279755) and early growth response 1 (AA486533) showed immediate response but were below the significance threshold. The expression of the other known early response gene, bmi-1 oncogene (AA478036), decreased late after stimulation and was therefore not included in the clusters that were defined by an immediate increase in gene expression. Our criteria for immediate-early genes are probably more stringent than those used previously, and long-term expression was generally not followed previously. Of course, expression patterns are also dependent on the cell type, and not all the early genes have been previously investigated in Ramos cells.
Of all the early gene products, tryptophanyl-tRNA synthetase is induced after 2-4 h by different interferons in multiple cell lines, after which it remains constant. However, in Daudi B-cells it is induced early and transiently. 15 The small inducible cytokines A3 (MIP-1a) (AA677522) and A4 (MIP-1b) (H62864) are induced soon after BCR stimulation in naive, memory and germinal center B-cells. 16 B-cells have been postulated to recruit T cell help via MIP-1a/b cytokines. 16 Among the other immediate-early genes in these clusters are transcription factors Wilms' tumor (AA130187), a zinc-finger-containing member of the growth-regulated EGR family; AML-1 (AA425746), which is involved in the development of normal hematopoiesis; transcriptional repressor Ring1 (AA425772); N-myc and STAT interactor Nmi (AA279762); and the zinc-finger-containing protein LOMP (H22826).
Cell cycle control and cell-growth-related early proteins included placenta growth factor (AA130714) and cyclin-G-associated kinase (AA428959), a partner of Stimulation-induced gene expression in B cells J Ollila and M Vihinen cyclin G and CDK5, the expression of which peaks in G1 phase of the cell cycle. Also, the insulin receptor (AA001614), insulin degrading enzyme (W86199), MAP kinase interacting kinase 1 (AA431885), adenylate cyclase activating polypeptide cyclin T2a (R63702) and protein tyrosine kinase Ryk (T77811) show early expression.
In conclusion, the information for early genes indicates that the microarray data are valid and in agreement with other experimental studies that used other methods, as well as our previous microarray data. 11 In addition to the known immediate genes, the clusters of early genes include a number of other factors that have not been previously identified as early genes.
Functional classification
The genes in the present study were characterized according to their cellular function based on yeast homologues in the MIPS Functional Catalogue (www.mips.biochem.mpg.de/proj/human/). Some of the genes have no yeast homologues and thus were not classified. The largest groups consist of genes for transcription, growth, cellular organization, metabolism and cell cycle. It is well established that genes that encode proteins, whose cellular functions are related, have similar expression profiles. The assignment of the genes to clusters involves an inherent bias, the significance of which was evaluated by calculating P-values for each cluster based on a hypergeometric probability distribution.
12 Genes related to protein synthesis, metabolism and cell growth, cell division and DNA synthesis are enriched in clusters 1, 3, 4, 9, 11 and 12 in which expression is downregulated late in the time course. Genes involved in cell rescue, defence, aging/cell death, transport facilitation, cellular biogenesis, signal transduction and transcription are enriched in clusters 22, 27, 31, 35, 37, 39 in which gene expression is upregulated after 24 h in the time course. 12 Transcription-related genes Transcription factors and transcription-related genes comprise the largest group of genes that exhibit a change in expression profile. Numerous transcription factors play important roles in proliferation, growth and death of mature B-cells as well as differentiation of mature B-cells into Ig-producing plasma cells or memory B-cells. The concerted action of transcription factors is crucial for these processes. 13, 17, 18 The transcription-related genes can be clearly divided into two groups (Figure 3) , the underexpressed genes, only one of which exhibits overexpression later in the time course, and factors that are overexpressed at one or more time points. The underexpressed genes include zinc-finger protein 43 (N69908), transcription factor BTF3 (R83000), FOSB (T61948) and the putative global transcription factor SNF2L2 (AA481026). As described above, many transcription factors are included among the immediate early-genes. Expression of several transcription factors decreases after 24 h (Figure 3) . TATA binding protein-associated factor TAFII80 (H11763) (at 96 h) and TATA box binding protein (N50549) (after 48 h) form part of the multimeric protein complex TATA factor IID (TFIID). Furthermore, TAF32 (AA150301) is associated with the TFIID complex and also interacts with the general transcription factor TFIIB. TFIID plays a central role in mediating promoter responses to various activators and repressors. Another TAF, TAFII28 (N92711), is expressed after 24 h. PC4 (AA099534) expression is stimulated at 24 h. PC4 is a protein that mediates interactions between upstream activators and the general transcriptional machinery, and exhibits cooperativity with TAFs.
--------------------------------------------------------------
Several homeobox genes of the HOXA and HOXB families may play important roles in hematopoiesis. 19 HOXB gene expression is related to cellular proliferation and differentiation in leukemic cells. 20 In our study, a total of 16 homeobox genes showed altered expression. The expression of HOX-A9 (AA496921), expressed in CD34+ bone marrow cells and in developing lymphocytes 19 , is downregulated immediately after stimulation. Four ANTP family and three PAIRED family homeobox genes were expressed late in the time course (AA706301, AA857101, AA610066 and AA173290; AA479928, AA293453 and AA418118, respectively). HOXA1 (AA173290), HOX4C (AA424871) and HOXB7 (AA857101) are expressed in cluster 33. Of these, HOX4C is expressed in activated B-cells. 21 Homeobox/POU domain protein 3A (BRN-3A) (AA428196) is expressed at 124 h. This protein was previously shown to be expressed in activated Jurkat T cells 22 where it activates Bcl-2 proto-oncogene expression, thereby protecting cells from apoptosis. 23 IRX-2a (R46202), which participates in epithelial cell differentiation, 24 is expressed late in the time course.
Our previous study revealed the importance of several transcription factors in stimulation-triggered gene expression. 11 Our present results are also consistent with the known expression patterns of other genes that were analyzed in our previous study.
11 During B-cell differentiation, the expression patterns of transcription-related genes are clearly altered, and consequently affect the expression of other genes as well. Our data show that a large number of these genes are shut down while others are activated. It is noteworthy that TATA-binding proteins and their associated factors are overexpressed mainly after 24 h. Another highly interesting group of genes is homeobox genes, which are involved in proliferation and differentiation of B-cells as well as hematopoiesis.
Cell cycle regulation
More than 100 genes related to cell cycle regulation were either under-or overexpressed (Figure 2 ) during the time course. Anti-IgM treatment induces growth inhibition in Ramos cells. 25 Therefore, the observed expression of cell cycle regulation genes is primarily due to their function in cellular differentiation.
Cyclin T2a (R63702) associates with CDK9, which participates in processes that are distinct from cell cycle regulation such as differentiation. 26 Cyclin A/CDK2-associated protein P19 (AA136533) and p45 form a complex with cyclin A/CDK2, and the activity of this complex is essential for S phase. 27 Cyclin-G-associated kinase GAK (AA428959), whose expression is somewhat oscillatory and peaks in G1, 28 associates with CDK5. The expression of p55CDC (AA598776) and CDK5 activator 1 (AA442853) is downregulated immediately following stimulation. p55CDC is important at multiple points during the cell cycle. 29 Its overexpression accelerates entry into apoptosis while a decrease in the level of this protein correlates with a decrease in the number of cells entering apoptosis. 30 Constitutive expression of p55CDC inhibits granulocyte differentiation. 31 Cyclin-dependent kinase inhibitor 3 (AA284072) controls the cell cycle through CDC2, CDK2 and CDK3. CDC25C (W95001) and CDK5 (AA464198) are overexpressed from 24 to 124 h. CDC25C acts as an inducer in mitotic control. 32 14-3-3 t (AA633997) and 14-3-3 Z (N69107) are underexpressed after 48 h, whereas 14-3-3 e (N21624) is overexpressed at 1 and 48 h. 14-3-3 proteins bind to and regulate CDC25C. 33 CDK5 may be involved in cell cycle regulation by interacting with G1 cyclins although it may be more important for the regulation of differentiation. 34 The immediate-early gene product CDK6 inhibitor (N72115) from cluster 0 (C0; Figure 1 ) interacts with CDK6 and weakly with CDK4. It has been suggested that CDK6 inhibitor inhibits cell cycle entry and stimulates cell death at a late stage during B-cell differentiation to plasma cells. 35 After repression of the CDK6 inhibitor, CDK6 (H73724) is overexpressed. The expression of CDC37 (AA458870), which also binds to CDK4 and CDK6, is similar to that of CDK6. CDK4 inhibitor A (AA877595), which also inhibits CDK6, is downregulated late after stimulation.
The expression of four other CDC proteins is downregulated during the time course. CDC42 homolog G25K (AA668681) and CDC21 homolog (AA488610) are downregulated late. CDC45-related protein (AA700904) is downregulated throughout the course of the experiment, while CDC10 protein homolog (AA633993) becomes downregulated at 16 h. The expression of the cell cycle control protein cyclin A (AA608568) is downregulated at 4 and 16 h. Our data show that many of the cell-cycleregulating proteins exhibit significant changes in their expression (eg, certain cyclins and cyclin-associated proteins, as well as protein kinases and their inhibitors). The expression of both CDK4 and CDK6 (and their inhibitors) is finely tuned, and serves as an example of the intricate expression machinery on which the cell cycle depends.
Apoptosis A large proportion of developing lymphocytes become apoptotic at different stages because of faulty rearrangement of immunoglobulin genes, production of selfreactive cells or clonal elimination. As a result, only B5% of B lymphocytes are thought to develop to mature plasma cells. 36 The proportion of Ramos cells that undergo programmed cell death and apoptosis after crosslinking of surface IgM is dependent on the affinity of the anti-IgM and the stage of the cell cycle. [37] [38] [39] Very little is known about the progression of apoptosis after the crosslinking of IgM. Apoptosis in Ramos cells begins only 4 h after the stimulation, 25, 40 and reaches a maximum around 24 h. 38 Under certain conditions, non apoptotic cells that survive BCR stimulation show diminished expression of the surface molecules integrin VLA-4 and BCR after 24 h. 41 In our study, the a4 subunit of VLA-4, Iga, Igb and the C region of IgM are indeed downregulated 24 h after stimulation, indicating that only a fraction of Ramos B-cells become apoptotic during the experiment. The amount of apoptotic cells was small since no RNA degradation was detected. Furthermore, the level of Ramos cell mRNA was equivalent throughout the time course (data not shown). The majority of apoptosis-related genes were overexpressed only after 16 h (Figure 2 ). The expression of Defender against cell death, DAD-1 (AA455281), was downregulated at 96 h. The loss of DAD-1 triggers apoptosis. 42 The stimulation of Ramos cells through IgM affected the expression of caspases-7 (T50675), -8 (AA448468) and -9 (AA281152). Caspase-7 is downregulated throughout the time course. In the WEHI-231 immature B-cell line, anti-IgM crosslinking triggers activation of caspase-7 independently of caspase-8, and promotes apoptotic cell death. 43 The expression of caspases-8 and -9 is upregulated after 24 and at 48 h, respectively. Caspase-8 can activate apoptosis via two different routes, either by directly activating other caspases (thereby bypassing mitochondrial involvement) or by activating mitochondria and subsequently caspase-9, leading to activation of other caspases and ultimately to apoptosis (reviewed in Scaffidi et al 44 ). The differences in the expression of these caspases provide clues to the activation mechanisms in the two death-signaling pathways.
Catalase (H15685) is activated in the same cluster as caspase-8, and inhibits anti-IgM-induced apoptosis in Ramos cells, 37 thus suggesting a mechanism for cell death. The tumor suppressor p53 (R39356) induces growth arrest or apoptosis. Metalloproteinase inhibitor 1 (H80215) has been shown to be antiapoptotic in a Burkitt's lymphoma cell line. 45 The binding of interferons to interferon ab receptor (N59150) inhibits antigen receptor-mediated apoptosis. 46 The expression of the TNF-related apoptosis inducing ligand TRAIL (H54629) (AA453410) is downregulated from 70 to 96 h, and its receptor is upregulated early (at 4 h). These data are analogous to observations in FL cells where TRAIL was downregulated after CD-40 activation, which may be important for cell survival. 47 TNF receptor 1-associated protein TRADD (AA916906) is upregulated after 24 h and also associates with TRAIL receptors 1 and 2. 48 TRADD is an adaptor protein that signals cell death and NFkB activation. 49 FAS-associating death domaincontaining protein FADD (AA433944) is upregulated at 9 h and mediates apoptosis by recruiting caspases-8 and -10 to receptors for FAS, TNFR-1 and TRAIL 1 and 2. 50 FADD binds these receptors either directly or through TRADD.
Concluding remarks
Expression profiling of B-cells was studied in Ramos Bcells induced by BCR crosslinking. Receptor activation triggers numerous processes including signal transduction and gene expression. A large number of genes exhibited altered expression over the experimental time course. The expression pattern of several transcription factors was altered immediately after stimulation. Functional classification of the expressed proteins indicated that those required for critical B-cell functions were indeed expressed, including those involved in transcription and cell cycle regulation. These observations are consistent with previous studies. In addition, our study revealed several new genes whose functions have not previously been linked to lymphocyte differentiation. The expression signatures shed light on the cellular mechanisms related to VDJ recombination and maturation of B-cells to plasma cells. The identified genes may be utilized as markers, and some of them may serve as targets for drug development toward the treatment of lymphoid malignancies.
Materials and methods
Ramos B-cells were cultured and stimulated with human anti-IgM (Sigma I2386) for different times as previously described. 12 RNA was isolated with Qiagen RNeasy Mini Kit. RNA was reverse transcribed, labeled and hybridized according to the manufacturer's protocol to Research Genetics Human GF211 gene filters containing 3964 human genes. Filters were exposed to BAS-MS 2040 imaging plate for 2 h and 16-bit tiff images in 50 mm resolution were scanned on the Fujifilm FLA-2000 phosphoimager. The intensities of spots were extracted with Research Genetics Pathways program. Individual filters were used no more than five times. Only those filters in which the intensity range and background were similar were used for analysis. Filters that contained spots of poor quality or areas of higher background were discarded. Intensity values were normalized and analyzed as previously described. 12 Briefly, intensity values were normalized such that the mean intensities between samples were the same. Normalized intensity values of spots at each time point were compared to the respective values for unstimulated cells. Experiments for certain time points were repeated to validate the reproducibility of the results. The intensities of the parallel samples for independent stimulation experiments were compared, and only very small differences were observed (data not shown). Further, the intensities of parallel, independent and unstimulated cell samples were also collected and analyzed at time points 24 and 70 h. Data from these time points were compared to common reference samples and used to verify that the expression of genes altered over the time course was due specifically to stimulation by anti-IgM. A total of 1496 genes (B125 per time point, or 3.1% of spots) whose expression ratio was X4.0 in at least one time point were chosen for further analysis. Clustering of genes was accomplished using Gene Cluster 1.1. 51 Visualization was performed with the program TreeView (http://rana.lbl.gov/EisenSoftware. htm/). Spearman rank correlations were calculated using the SAS program package (SAS Institute, Inc.).
